Phytocannabinoids
Phytocannabinoids are found throughout all major morphologies of cannabis. Cannabinoids are mixed polyketides derived from malonyl-CoA, hexanoyl-CoA units prenylated with geranyl phosphate. [11] [12] [13] This biosynthetic pathway, shown in Figure 2 with the synthesis of CBD, THC, and CBN, produces several classes of phytocannabinoids.
Of the more than hundred phytocannabinoids isolated and characterized, THC and CBD, depicted in Figure 1 , have received the most attention in both basic science and clinical research. THC is marketed as dronabinol (Marinol®) and is currently approved for the treatment of anorexia in Acquired Immune Deficiency Syndrome (AIDS) patients and chemotherapy-induced nausea and vomit ing. 14 CBD has not been approved by the US Food and Drug Administration (FDA), but clinical trials are underway exploring the use of CBD, branded as Epidiolex®, in the treatment of epilepsy and Dravet syndrome, a severe seizure disorder in children. 15, 16 Despite the long-standing traditional medicinal uses of cannabis, and the culmination of scientific evidence leading to FDA approval of THC, the mechanism of action of cannabinoids in humans remained a conundrum until recently. The cannabinoid (CB) receptors remained elusive for 30 years after the discovery of THC. Both CBD and THC exert their therapeutic effects through the CB receptors, in addition to G-protein-coupled receptor 55 (GPR55), 5-hydroxytryptamine (5-HT)-3A ligand-gated ion channel, transient receptor potential cation channel Ankyrin type 1 (TRPA1), and transient receptor potential cation channel vanilloid type 1 (TRPV2). [17] [18] [19] [20] The pharmacology of CBD is not entirely understood with respect to the treatment of seizures; CBD has been shown to block both CB receptors, activate several TRP cation channels, and activate the 5-HT 1A receptor. 18, 19, 21 cb receptors and the endocannabinoid system
The G-protein-coupled receptor (GPCR) superfamily of genes encodes for 800 GPCRs. This superfamily of genes is further divided into five major families: glutamate, rhodopsin, adhesion, frizzled/taste2, and secretin. 22 The largest of these is the rhodopsin family, containing 672 GPCR genes, approximately 300 of which encode known GPCRs, with the remainder classified as orphan receptors whose structure, endogenous ligand(s), and function remain unknown. [23] [24] [25] GPCRs are characterized by having a transmembrane domain unit with seven alpha-helices coupled to a G-protein consisting of three subunit proteins: Gα, β, and γ. Upon binding of an agonist ligand to the transmembrane domain, the G-protein subunits catalyze downstream functions by coupling to another cellular protein (eg, adenylyl cyclase, protein kinases, etc.). 26 Because of their significant role in human cellular functions, drugs targeting GPCRs make up 30%-40% of all drugs on the market. 27 The CB receptors are members of the rhodopsin-like family of GPCRs. The first evidence of a CB receptor surfaced in 1984, with Howlett et al demonstrating that select cannabinoids decreased cyclic adenosine monophosphate (cAMP) concentrations in neuroblastoma cells. 28, 29 Further work in 1986 showed that cannabinoids induce a decrease in cAMP production, and this effect was eliminated by exposing cells to pertussis toxin, a known Gαi (commonly referred to simply as the Gi protein) protein inhibitor, which strongly suggested the presence of a CB binding GPCR. 30 In 1988, the same group characterized a CB-specific receptor in rat brain, and in 1990, the CB1 receptor was finally cloned from a cDNA library from rat cerebral cortex tissue. 31 In the same year that CB1 was discovered, tissue distribution studies showed that CB1 was one of the most abundantly expressed receptors in the brain, nearly equivalent to the expression of glutamate and GABA receptors. 32, 33 The correlation between CB1 localization in the brain and the known pharmacological effects of CB agonists was made immediately clear; CB1 expression in the basal ganglia and cerebellum was associated with the effects on gait, and expression in the cerebral cortex and hippocampus was associated with the effects on cognition and memory. More recent studies have found CB1 expression in the spleen, tonsils, gastrointestinal tract, uterus, prostate, vascular smooth muscle cells, and adrenal glands. 34 While the CB1 receptor was commonly referred to as the CB receptor, this receptor did not account for the well-documented immunomodulatory effects of cannabis. The search for an explanation led to the discovery of the CB2 receptor in a human promyelocytic leukemia cell line in 1993. 33, 35 The human CB1 and CB2 receptors share 48% sequence identity and are both coupled to G proteins; neither CB1 nor CB2 has been crystallized to date. 36 While the CB receptors are primarily coupled to Gi proteins, there is mounting evidence that much of the pharmacological effects of CB1 are mediated through Gs and Go proteins as well; this is in contrast with CB2, which thus far has only been found coupled to Gi. [36] [37] [38] The pharmacology of the CB2 receptor has a long, complicated history since its discovery, with numerous contradicting reports and flawed methodologies, leading some to call CB2 "a receptor with an identity crisis." 39 The CB2 receptor, unlike CB1, is not highly expressed in the CNS. For several years after its discovery, CB2 was known as the peripheral CB receptor, owing to its high expression levels in the spleen and immune cells and relative absence from the brain. 40 This was proven incorrect, however, with CB2 protein expression in microglial cells in the brain and reports of CB2 expression in neurons. CB2 expression in the brain correlated with neuroinflammation, with one study in 2005 showing a 200-fold upregulation of CB2 receptors in microglial cells in an in vitro autoimmune encephalomyelitis model. 41 These and many other results, however, have been called into question, as anti-CB2 antibodies used in these immunohistochemical methods have been demonstrated to have nonspecific binding with other proteins. 42, 43 The immunomodulatory role of CB2 has remained unchallenged, and CB2 has been heavily implicated in neurodegenerative diseases such as Huntington's and Alzheimer's diseases. 44, 45 Increased expression of CB2 in the brain was confirmed with CB2-selective positron emission tomography (PET) tracers in Alzheimer's mice models; this increased expression was concomitant with the formation of amyloid-beta plaques, suggesting a potential utility for CB2 PET tracers as diagnostic for the onset of neuroinflammation.
Activation of either CB1 or CB2 produces a dosedependent decrease in cellular cAMP levels and modulation of intracellular Ca 2+ and K + levels. 46 Stimulation of CB receptors results in activation of the p42/44 mitogen-activated protein kinases (MAPK), otherwise known as the extracellular signal-regulated kinases 1 and 2 (ERK1 and ERK2), respectively, as well as p38 MAPK and c-Jun N-terminal kinases. 47, 48 Signal transduction studies have linked this CB1/2 mediation of ERK1/2 to downstream regulation of genes, controlling cytokine synthesis, transcription regulation, and cell differentiation (Fig. 3) . 49, 50 endocannabinoid system While the discovery (and the naming) of the CB receptors was driven by a desire to understand the pharmacological effects of cannabis, both receptors are involved in extensive signaling pathways known as the endocannabinoid system. The presence of CB GPCRs suggested the existence of endogenous ligands, and as most phytocannabinoids are highly lipophilic, it was assumed that these ligands would likely be lipids.
The identification of anandamide (AEA) by the Mechoulam group in 1992 confirmed its role as an endogenous ligand for the CB receptors, with a K i of 61.0 nM at CB1 and 1,930 nM at CB2. 51, 52 AEA produces similar effects to that of the exogenous phytocannabinoids, with administration to rodents of AEA inducing hypothermia, analgesia, catalepsy, and appetite stimulation. 53, 54 Furthermore, its tissue distribution is highly similar to that of CB1: the highest levels of AEA are found in the hippocampus and cerebellum and to a lesser degree in the spleen and heart tissue. 55 Soon after the discovery of AEA followed the identification of several more endocannabinoids, namely, 2-arachidonoylglycerol (2-AG), with K i values of 472 ± 55 nM at CB1 and 1,400 ± 172 nM for CB2, O-arachidonoyl ethanolamine, with K i values of 1,900 nM at CB1 and 1,400 nM at CB2, and 2-arachidonoyl glycerol ether, with K i values of 21.2 nM at CB1 and 480 nM at CB2 (Fig. 4) . [56] [57] [58] [59] Although initially considered an insignificant component of the endocannabinoid system, the role of 2-AG has evolved to that of one of the more important signaling molecules in the brain. 2-AG has been linked to the modulation of feeding, hypotension, neuroprotection, cell proliferation, and other interesting physiological processes. [60] [61] [62] [63] For a very broad overview, endocannabinoid signaling typically occurs in retrograde fashion, from post-to presynaptic neurons (Fig. 5) . Due to the highly hydrophobic nature of endocannabinoids like 2-AG, it was initially thought that endocannabinoids were synthesized in the same cell in which receptor binding occurs. This was supported by the observation that endocannabinoids could approach a receptor by moving laterally Figure 3 . neuronal cB signaling. activation of a cB receptor with an agonist causes several downstream effects: inhibition of adenylcyclase and inwardly rectifying calcium channels, and activation of potassium channels as well as the mitogen-activated protein kinase pathway. activation of MaPK modulates gene expression, depending on downstream signaling, cell types, etc. Gene expression can also be modulate as a downstream effect of adenylyl cyclase inhibition through the activation of protein kinase a. abbreviations: MaPK, mitogen-activated protein kinases; ac, adenylyl cyclase; caMP, cyclic adenosine monophosphate; PKa, protein kinase a. note: reprinted by permission from Macmillan Publishers ltd: nature reviews drug discovery, copyright 2004. through the cell membrane, through postsynaptic nonretrograde signaling. 64 However, the identification of AEA in interstitial fluid and cell incubation media suggested additionally that AEA, and likely other endocannabinoids, can travel across a synapse by either passive diffusion or active transport mechanisms, although a specific mechanism has yet to be resolved. [65] [66] [67] [68] In retrograde signaling, endocannabinoids cause a variety of downstream effects. Presynaptic CB1 activation causes two major neurotransmitter inhibition mechanisms: shortterm and long-term plasticity. 69 In short-term plasticity, elevation of the intracellular Ca 2+ levels by postsynaptic depolarization stimulates the production of 2-AG, which diffuses across the neuronal synapse to CB1 receptors on the presynaptic neuron. [70] [71] [72] Activation of CB1 causes inhibition of Ca 2+ influx via voltage-gated Ca 2+ channels and subsequent downregulation of neurotransmitter release. Long-term plasticity, while initiating in a similar fashion, involves the suppression of neurotransmitter release via the downregulation of cAMP production and protein kinase A inhibition.
Once released, endocannabinoids are rapidly deactivated by two enzymes: fatty acid amide hydrolase 1 and monoacylglycerol lipase. 44 The distribution of these enzymes provides some evidence as to the signaling mechanisms carried out by the endocannabinoid system, as fatty acid amide hydrolase 1 is located postsynaptically and monoacylglycerol lipase presynaptically.
The role of CB2 is less well defined than CB1 in the endocannabinoid system. The involvement of CB2 in the endocannabinoid signaling system has been relegated to that of an immunomodulatory mediator. Like CB1, CB2 also decreases the production of cAMP, although to a lesser degree, and unlike CB1, it has not been found to be coupled to G proteins other than Gi, somewhat limiting its inhibitory effect on Ca 2+ and K + channels. 36 Also unique to the activation of CB2
receptors is an initial decrease in cAMP production, followed by a sustained increase up to 10-fold in T-cell cAMP levels, which can lead to suppression of T-cell signaling, manifesting phenotypically as an immunosuppressant effect. 73 Immunohistochemical and mRNA analyses show CB2 localization to occur primarily in microglial cells in the brain, neutrophils, macrophages, monocytes, and lymphocytes peripherally, with significantly increased expression under inflammatory conditions. 41, 74, 75 Increased endocannabinoid production in immune cells has been linked to pro-inflammatory stimuli and hematopoietic stem cell differentiation. 76, 77 For a more in-depth discussion of endocannabinoid signaling, several timely reviews have been published. 68, [78] [79] [80] [81] [82] 
synthetic classical cannabinoids
Since the initial discovery of THC and other related cannabinoids, numerous modifications and analogs were synthesized in an attempt to define the structure-activity relationship (SAR) of THC at both CB1 and CB2. ∆9-THC contains five major structural features, depicted in Figure 6 : the C3 side chain, phenolic hydroxyl, and three rings: the aromatic A-ring, pyran B-ring, and cyclohexenyl C-ring. While not present in any natural cannabinoids, some important synthetic analogs replace the pyran B-ring with a substituted aliphatic chain, and as such, the southern aliphatic region is included as a major structural feature of classical cannabinoids.
Many of the earliest SAR studies on classical cannabinoids involved modifications to the C3 side chain. While most analogs contain saturated straight or branched alkyl chains, a number of C3 side chains incorporating unsaturated alkyl chains, heteroatoms, and functional groups such as esters, carboxylic acids, ethers, nitriles, and heterocycles were reported, with varying effects on CB1 and CB2 potency and selectivity. c3 alkyl analogs. The length of the C3 side chain of THC directly correlates with CB1 and CB2 binding affinity; an increase in chain length leads to an increase in binding affinity at both receptors (Fig. 7) . CB binding affinity data for methyl-or ethyl-substituted THC analogs have not been published; however, a study conducted in 2011 examined the functional activity of these THC analogs, demonstrating decrease in the receptor affinity in a linear fashion with decreasing chain length. 83 Interestingly, this study found an inverse relationship between chain length and TRPA1 channel activity; a one-carbon chain was found to be a potent TRPA1 agonist, this effect decreasing with additional carbons on the chain. This may be a contributing factor to the biological significance of cannabinoids like propyl-substituted ∆9-tetrahydrocannabivarin, which does not activate either CB receptor yet retains numerous biological effects.
Utilizing the C3 alkyl chain as a point of diversification in classical cannabinoids has remained a staple of CB research since the discovery of ∆9-THC. Numerous analogs, containing a variety of carbon chains and rings with and without heteroatom incorporation, provided a well-defined and predictable SAR profile for this portion of the THC scaffold.
Of the major pharmacophores defined for classical CB SAR, the C-3 side chain seems to have the largest influence on binding affinity for the CB receptors. Table 1 illustrates a homolog series of ∆8-THC and ∆9-THC analogs with various saturated aliphatic substitutions. Entries 1 and 2, ∆9-THC and ∆8-THC, respectively, are nearly equipotent at both CB receptors, displaying partial agonist functional activity. As such, ∆9-THC and ∆8-THC are interchangeable in most SAR studies. Examining various alkyl chain lengths (entries 2-9), there is a definite requirement for at least 3 carbons, with 5-8 carbon length chains being optimal. 84, 85 Binding affinity at CB1 receptors is further enhanced by the addition of methyl groups on the alkyl chain, preferably at the 1′ and 2′ positions. A systematic study of methylated ∆8-THC analogs (entries 10-16) revealed 1′ and 2′ substitutions to be optimal, with a slight decrease in affinity in 3′-methyl analogs 14-15 and a sharp decrease in 4′-methyl analog 16, with little difference in affinity observed between the R and S isomers. 86 Given the near doubling of receptor affinity by the 7-carbon chain analog 8, a similar study of compounds with a 7-carbon alkyl chain, entries 17-27, showed a similar trend, although less pronounced than the 5-carbon chain analogs. 87 Again, there were minimal differences between R and S isomers, with binding affinity optimal at the 1′ and 2′ positions in 17-20, slowly decreasing as the methyl substitutions is moved down the alkyl chain (entries 21-27). Expanding on this trend, 1′,2′-dimethylheptyl analogs 28-31 possessed subnanomolar binding affinity, with essentially no difference in activity observed between the four diastereomers. 88 A series of 1′,1′-dimethylalkyl analogs (entries 32-42) with chains lengths of 2-12 carbons displayed a similar trend to that of the unsubstituted homolog series (entries 2-9), with optimal binding affinity for CB1 achieved between 5 and 9 carbons. 89 The 1′,1′-dimethyl substitution clearly has a significant effect on the affinity however, as none of the entries in this series, with the exception of the 12-carbon chain analog 42, had binding affinities greater than 100 nM. The 1′,1′-dimethylalkyl-substituted analogs have typically been preferred over the 1′,2′-dimethylakyl congeners, since the latter possesses two stereogenic centers, which add unnecessary complexity in synthesis with the potential for formation of diastereomeric mixtures.
Introducing unsaturation on the alkyl chain does not significantly modulate CB1 receptor binding, with activity retained between homologs of the same chain length [eg, compare the unsaturated 8-carbon analogs 45-47 (K i = 4.9 ± 2.0 nM, 9.0 ± 1.3 nM, and 19 ± 1.3 nM, respectively) to the saturated 8-carbon analog 9 (K i = 8.5 ± 1.4 nM)]. 85 Similar to the unsaturated series, chain length has a significant influence on affinity, with the terminal acetylene 4-carbon analog 48 showing modest affinity at CB1 (K i = 367 ± 23 nM).
A series of rotationally restricted ∆ 8 -THC analogs, entries 49-52, narrow the possible conformers the alkyl chain can adopt. Entry 49, reported by Huffman and Yu incorporates the typical 5-carbon chain with a six-membered ring bridging the aryl C-2 and alkyl C2′, exhibited low affinity for the CB1 receptor. 90 This is reinforced by a series of compounds (entries 50-52), reported by Khanolkar et al, in which the 7-carbon homolog 50 displayed equally poor affinity for both CB1 and CB2. 91 Shifting the alkyl chain to the adjacent carbon on the alkyl chain restores the affinity to 22.3 and 58.6 nM for CB1 and CB2, respectively. The significant loss in affinity for 49, 50, and 52 suggests that the lateral orientation of the alkyl chain is not the relevant conformer for receptor binding, rather the conformer 51 with the chain orienting downward, away from phenol. It is unlikely that the ring in 50 and 51 is occupying space required by either receptor, as the 2-iodo-substituted 53 retains modest affinity at CB1; the C4-C2′ ring of 54, however, follows a similar pattern of other C4-substituted analogs with significant loss of affinity, suggesting that this space is required in the CB1 receptor for binding. 92 Substitution with an adamantyl group in place of the alkyl chain also retained potency at both CB1 and CB2, suggesting that favorable hydrophobic interactions can be made with the receptor in the C1′ and C2′ positions on the chain. 93 These aliphatic side chain analogs offer several conclusions that can be inferred with regard to CB receptor binding requirements. A 5-8 carbon length alkyl chain is optimal, with binding affinity decreasing when shorter and longer alkyl chains are incorporated. Restricting the flexibility of the alkyl chain lends some insight into the optimal conformation for receptor binding. First, introducing methyl substitutions in various positions on the chain adds steric congestion that restricts the number of possible rotamers, in addition to providing hydrophobic bulk that may be interacting with the receptors. Branching close to the aromatic ring provides a minimum 10-fold increase in affinity for CB1 (17 and 18 vs. 8), with affinity diminishing as the methyl group is moved down the chain further from the aryl ring (19) (20) (21) (22) (23) (24) (25) (26) (27) , and the best affinity is achieved with 1′,2′-and 1′,1′-dimethyl substitutions. Second, restricting rotation by introducing double and triple bonds on the chain follows a similar pattern: cis-double bonds and triple bonds in the C1′ position (43 K i = 0.65 nM, Figure 8 .
To investigate the SAR requirements of C1′ substitutions on the side chain, several series of compounds containing aliphatic rings and heterocycles were synthesized, as illustrated in Table 2 . Transforming the 1′,1′-geminal dimethyl substitution into a compact cyclopropyl ring further enhances activity at both receptors. 94 Expanding the ring size to 4, 5, and 6 carbons modulates the activity as a function of the lowest energy conformation of the alkyl chain, as well as the presence of hydrophobic bulk, potentially creating steric clashes with the putative binding site in the receptor. Quantitative structureactivity relationship studies confirm that the cyclopropyl and cyclopentyl rings force the chain into similar favorable orientations, with the cyclobutyl-and cyclohexyl-substituted chains adopting less favorable conformations for optimal receptor binding. 95 This orientation, with the alkyl chain oriented perpendicular to the aromatic ring of the THC scaffold, appears to be the optimal conformer for receptor binding.
In addition to the alkyl chain conformation, the increased affinity of these compounds also suggests the presence of a hydrophobic binding subsite near the phenyl ring in both CB1 and CB2. Both receptors appear to be indifferent to heteroatoms at this position, illustrated by the high affinity of analogs 60-62; however, CB2 has a preference for smaller rings, as larger substitutions such as the cyclohexyl analog 58 and bulky benzodithiolane 63 show decreased affinity for CB2 but not for CB1.
The replacement of the alkyl chain with various ring structures results in a variety of effects on receptor binding (Table 3) . To explore the necessity of hydrophobic bulk near the phenolic ring, a series of saturated alkyl ring analogs were synthesized and evaluated. Bulky bornyl and adamantyl derivatives 64-67 display interesting profiles, depending on the substitution pattern of the rings. An epimer change from bornyl-substituted 64 and isobornyl 65 results in 10-fold selectivity for CB2, and the location of the link between the adamantyl and phenolic rings results in either CB1 preference for 66 or CB2 for 67. The differences in binding affinity of these compounds can be explained, at least in part, by conformational analysis of each compound. The allowable conformational space of 65 and 67 both occupy a larger volume than that of their respective isomers 64 and 66, suggesting that such compounds are better accommodated by the CB2 receptor. This hypothesis is further reinforced by the loss of selectivity by the more flexible analog 68, which is capable of accessing both conformational spaces. 93, 96, 97 Using more planar phenyl rings, analogs 69-75 display modest activity at both receptors. Replacing the alkyl chain in ∆8-THC with an aromatic ring (69) leads to a reduction in affinity, and expansion of the ring to a naphthyl analog 70 enhanced affinity. Reincorporating the gem-dimethyl linker in 71-75 restores activity to low nanomolar affinity; substituting the phenyl ring in the para-position requires a bulky, nonpolar group, with affinity increasing from para-fluoro analog 72 to p-methyl 75. Moving these groups to the meta-position negates any loss in receptor activity by substitution, as illustrated by meta-fluoro analog 76.
The addition of heteroatom substitutions on the terminal position of the alkyl chain provides analogs that display increases in binding affinity as well as enhanced polarity (Table 4 ). The use of halogens and nitrile pseudohalogens on the terminal position of the alkyl chain for both the pentyl (77) and dimethylheptyl (79) analogs provides an increase in binding affinity over their hydrocarbon homologs, while substitution with smaller halogens such as fluorine (78) cause a loss of affinity at CB1. One postulation on this change between fluorine and bromine is that the 5′-bromide chain (77) is closer to length of a 7-carbon chain, with the bromine essentially serving as a bioisostere for two carbons. 98 The addition of a more polar carboxyl group (81) causes a significant loss in CB1 affinity to 222 ± 63 nM, while retaining CB2 affinity at 4.00 ± 1.35 nM. Using substituted carboxamide groups (82) (83) (84) (85) (86) , with the exception of 85, shows similarly high affinities for both receptors. Removing the carboxamide linker and directly coupling a heterocycle to the alkyl chain is not detrimental to binding affinity, as seen in morpholine 87 and imidazole 88. These analogs provide a welcomed decrease in lipophilicity, as the vast majority of classical CB analogs are insoluble in water, severely hampering their potential utility as therapeutic candidates.
In another effort to improve the pharmacokinetics and bioavailability of classical type cannabinoids, Nikas et al. 99 and Sharma et al. 100 synthesized a series of side chain analogs containing a labile ester, in order to increase polarity and solubility and to extend the half-life in vivo (Table 5) . Installing an ester in the 2′ position on the side chain afforded analogs with enhanced binding affinities at both CB1 and CB2. Carboxyester 90, while retaining nanomolar activity at both receptors suffered from an extremely short half-life of 0.7 minutes in mouse plasma. 100 Adding the usual 1′,1′-dimethyl substitution in 91 increased the half-life substantially to 120 minutes, with a 90-fold and 30-fold increase in affinity at CB1 and CB2, respectively. Analogs containing a cyclobutyl ring exhibited improved half-lives to 263 minutes with no binding affinity cost at either receptor. Introducing steric hindrance near the ester carbonyl demonstrated a clear strategy for increasing the half-life for analogs 93-95 through inhibition of ester hydrolysis. c1 phenol analogs. Another major point of structure modification on the THC scaffold is the C1 phenol (Table 6 ). Analogs lacking the phenolic hydroxy group or those that have been modified with minor changes to the phenolic group can result in drastic changes in the pharmacological activity of these compounds. It was quickly realized that etherification or removal of the phenol generated compounds that displayed significant selectivity for CB2. For example, the deoxy-∆8-THC analog 96 is .300-fold selective for CB2; addition of the 1′,1′-demethyl group in analog 97 results in a slight decrease in selectivity to 200-fold. Conversion of the phenol to a methyl ester in analog 98 results in approximately 800-fold selectivity for CB2 over CB1.
Analogs 99 and 100 represent two compounds that demand additional comment. It was discovered that forcing the orientation of the phenol oxygen lone pair toward the cyclohexene ring resulted in analogs with optimal CB receptor activity. 101 Both of these compounds were tested before the discovery of the CB receptors, making in vitro analysis unavailable (and not been determined since); however, intraperitoneal injection of these compounds in animal assays showed similar potency to ∆ 8 -THC for 100, and almost no activity for 99. The presumption for some time was that the free phenol served as an important hydrogen bond donor, but the reanalysis of these compounds showed that while this may be true for CB1, there is no necessity for hydrogen bonding in this position for CB2. Computational modeling studies suggested that the diminished selectivity of the deoxy analogs compared to the methoxy analogs could be a result of inverted binding to the receptor, where the pyran oxygen can serve as a hydrogen bond acceptor in the CB1 receptor.
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c9/c11 analogs. The C11 methyl group is another major pharmacophore at which minor structural changes can significantly modulate receptor binding (Table 7) . Substitutions at this position do not confer selectivity when compared to analogs modified at the C1 phenol; however, binding affinity can be greatly enhanced. Methylene analogs 101 and 102 retain similar affinities to their respective homologs 37 and 98, with slightly higher CB2 selectivity for 102 (1,000-fold) compared to 98. Conversion of the methylene group to a carbonyl almost completely eliminates this selectivity in 104. Nabilone, 103, is one of two marketed CB therapeutics, approved by the US FDA in 1985 as an antiemetic. Hydroxylation of [103] [104] [105] The decreased selectivity of the oxygen-substituted analogs 103-108 compared to their more selective homologs was the subject of a computational study, which suggested that the phenolic hydroxyl group was necessary for CB1 binding by hydrogen bonding with lysine 192, and the introduction of polar group on the C-11 position may satisfy this requirement. 106 The removal of the unsaturation at C9 introduces another stereogenic center, which can dramatically affect receptor binding. Hydroxy analogs 109 and 110 show remarkably diverse activities; the R-diastereomer 109 is 6-fold and 17-fold more potent at CB1 and CB2, respectively, compared to S-diastereomer 110. This effect does not appear to be guided by hydrogen bonding interactions with either receptor, as the (R)-methyl analog 111 binds with higher affinity Table 8 ). The use of radiolabeled 113 revealed the presence of CB1 receptor in rat brain, and it has been used as a standard in nearly every CB receptor assay developed.
Nonclassical cannabinoids cb1 selective. While classical CB development has remained a staple of compound synthesis, compounds adopting alternative scaffolds have become prominent. The lipophilicity of most classical cannabinoids has hampered their development into viable drugs, so efforts to increase the polarity and water solubility of new CB ligands has been an area of major focus.
Pravadoline (WIN 48,098) was a cyclooxygenase (COX) inhibitor developed by Bell et al. at Sterling-Winthrop in the 1980s, but its antinociceptive activity was significantly higher than other known COX inhibitors, despite its lower effect on prostaglandin synthesis compared to known nonsteroidal anti-inflammatory drugs. 107 With animal assay results similar to known cannabinoids, the possibility was raised that the antinociceptive activity was derived not from COX binding, but from CB receptor activity. Structural optimization of pravadoline yielded one of the first nonclassical cannabinoids, WIN 55,212-2.
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Like CP-55,940, WIN 55,212-2 is a CB receptor agonist widely used in CB receptor assays as a reference compound.
Since the discovery of WIN 55,212-2, numerous other potent, nonclassical cannabinoids were synthesized; two other notable compounds in this class are depicted in Figure 9 .
The (aminoalkyl)indole JWH-018 is nearly equipotent at both CB receptors, with slight selective toward CB2. 109, 110 In recent years, JWH-018 has gained notoriety for its illicit use in (Fig. 10) . Cannabinor, formerly known as PRS-211,375, was tested in humans for the treatment of several modes of pain; it ultimately failed due to a lack of efficacy in a Phase IIb study in the treatment of pain following third molar tooth extraction. 114 Cannabinor may have also suffered from modulation of bladder activity, as animal studies have demonstrated a CB receptor-linked effect increasing urination frequency. 115, 116 GW-842,166X was also explored for the treatment of third molar tooth extraction and osteoarthritis, but failed in Phase II trials due to lack of efficacy.
117,118 S-777,469 completed Phase II trials for atopic dermatitis in 2011, but no clinical data or future plans for clinical testing of this compound have been released, indicating that its development may have been halted. [119] [120] [121] After several failed clinical trials, the possibility that years of immunostaining results were inaccurate and halted CB2 research programs, the progress of CB2-targeted therapeutics was seemingly at an impasse. Research efforts into therapeutic potential of CB2 selective agonists have recently focused on improving selectivity by several orders of magnitude. Although many of the conventional CB2 agonists were as much as 500-fold selective, this may not be effective in vivo, causing CB1 activation at higher doses. 122 While comparison of their respective binding affinities may characterize these compounds as highly selective, the overall expression levels of the CB receptors in humans are not equivalent. In many disease states, overall CB1 expression can be significantly higher than CB2, causing activation of both receptors. 123 High dosages used in human studies likely precipitated effects of CB1 and CB2 activation. Many preclinical animal models may also not be effective in studying CB2-selective activation because of interspecies differences in CB2 receptor expression and signaling. 124 Since late 2014, several landmark improvements have been reported in the pharmacological tools used to study the CB2 receptor. Transgenic mice expressing a CB2-GFP reporter have allowed for highly specific and accurate studies of CB2 expression, especially in light of the specificity problems with most anti-CB2 antibodies. 125 Many advances have been made in the development of CB2-selective compounds. New scaffolds have been employed in the synthesis of compounds that display selectivity as high as 35,000-fold, significantly greater than previously reported compounds (Fig. 11) .
2015 has been a landmark year for drug discovery programs focusing on the development of selective CB ligands. Triazolopyrimidine 114 is a CB2 agonist developed by Roche, which displayed a 1,250-fold selectivity over CB1 and demonstrated a protective effect in inflammatory kidney damage models. 126 Benzimidazole-containing scaffolds have also been reported, with rQ-00202730 showing over 4,000-fold selectivity for CB2 and a dose-dependent analgesic effect in rats. 127 Both of these compounds displayed favorable pharmacokinetic parameters and were completely devoid of in vivo activity, traditionally associated with CB1 activity. Naphthyridin-2(1H)-one 115 possesses CB2 affinity in the picomolar range, with over 15,000-fold selectivity. 128 This compound was one of many in a series employing this scaffold that allowed for the control of functional activity, highly dependent on substitution patterns. Pyridine analog RSR-056 and 4-oxo-quinoline analog RS-028 are .4,000-fold and .12,500-fold selective for CB2 over CB1, respectively, and have been used as 11 C PET tracers in rat and mouse models. 129, 130 Proline analogs 116 and 117, developed by Boehringer Ingelheim Pharmaceuticals, are two of the most selective compounds reported to date with greater than 35,700-fold selectivity and 29,300-fold selectivity, respectively. 131 Both of these demonstrated a dose-dependent reversal of hyperalgesia in a rat diabetic neuropathy model. outlook. Drug discovery programs focusing on CB receptor-targeted therapeutics will continue expanding with the identification and characterization of novel CB receptor-selective ligands. The development of receptor-selective modulators coupled to an understanding of their functional pharmacological activity (agonist; inverse agonist/antagonist) and mode of binding (orthosteric, allosteric) will prove critical for moving candidates to preclinical disease model studies. Classical cannabinoids, including both natural product and semisynthetic derivatives that have been described in this review, have ushered the development of nonclassical synthetic cannabinoids comprising novel scaffolds exhibiting receptor-selective profiles. Compounds selectively modulating the CB2 receptor may have utility in the treatment of inflammation, diabetes, cancer, pain, and other diseases. However, CB2-selective drug candidates thus far have failed in clinical trials due to a lack of efficacy and/or their propensity to mediate CB1 effects, even while displaying several hundred-fold selectivity profiles for CB2 over CB1. 
